Continental subsurface environments can present significant energetic challenges to the resident 2 microorganisms. While these environments are geologically diverse, potentially allowing energy 3 harvesting by microorganisms that catalyze redox reactions, many of the abundant electron 4 donors and acceptors are insoluble and therefore not directly bioavailable. Extracellular electron 5 transfer (EET) is a metabolic strategy that microorganisms can deploy to meet the challenges of 6
INTRODUCTION

30
The observation that microorganisms permeate subsurface environments down to kilometer 31 depths highlights the astounding range of metabolic strategies that our planet's unseen majority 32 must wield to survive in such environments (Edwards et al., 2012) . Far removed from the 33 resources available to surface life, subsurface microorganisms must contend with heterogeneous 34 habitats that may present a shortage of organic carbon and other nutrients necessary for biomass, 35 cope with environmental stressors (extremes of temperature, pressure, pH, and radioactivity), as 36 well as extract energy for metabolic activity despite the scarcity of soluble electron donors and 37
acceptors (Parnell and McMahon, 2016) . However, while much emphasis is usually placed on 38 soluble redox couples because they are directly bioavailable for intracellular reactions, it is 39 important to note that the subsurface geological environment also offers insoluble electron 40 donors and acceptors in the form of redox active elements (e.g. S, Fe, Mn) in minerals 41 associated with sediments and rocks (Nealson et Southam, 2012) . Microbes capable 43 of performing extracellular electron transfer (EET), allowing cellular electron flow from or to 1 inorganic minerals, may therefore have a selective advantage for energy acquisition by uptake or 2 disposal of electrons at the biotic-abiotic interfaces prevalent in subsurface habitats. 3
To date, however, the mechanistic bases of EET are well characterized in only two model 4 bacterial systems, the Deltaproteobacterium, Geobacter and the Gammaproteobacterium, 5
Shewanella (Lovley and Phillips, 1988 ; Myers and Nealson, 1988) . The elucidation of detailed 6 EET mechanisms has benefited from electrochemical approaches where electrodes substitute for 7 the insoluble minerals that these organisms can utilize as terminal electron acceptors in 8 sedimentary environments (Bond, 2010) . The identified mechanisms range from the use of 9 multiheme cytochrome 'conduits' that mediate electron transfer through the cellular periplasm 10 and outer membrane to external surfaces (Myers and Myers, 1992 ; Hartshorne et al., 2009; 11 White et al., 2013) , electron transfer to more distant surfaces along bacterial nanowires (Reguera 12 et al., 2005; Gorby et al., 2006) , and possibly soluble redox shuttles proposed to link the cellular 13 redox machinery to external surfaces by diffusion without the need for direct cell-surface contact 14 (Marsili et al., 2008; von Canstein et al., 2008) . 15
Beyond the well characterized model systems, however, electrochemical enrichments coupled 16 with 16S rDNA-based surveys from a variety of environments, especially marine sediments, 17 suggest that more physiologically and phylogenetically diverse microorganisms are capable of 18 using electrodes as electron acceptors ( It now appears that microbial EET may be widespread in nature, and that electrode-based 33 techniques are critical for both shedding light on the phylogenetic diversity and for identification 34 and mechanistic measurements of organisms whose electrochemical activity would have been 35 missed using traditional cultivation techniques. 36
Our study was motivated by both the apparent extent of EET in nature, and the particular 37 relevance to the continental subsurface that may present opportunities for microbial interaction 38 with redox-active abiotic surfaces. Here, we utilized electrodes poised at anodic (electron-39 acceptor) redox potentials for enrichment of electrochemically-active bacteria from a deeply 40 sourced artesian well that is supplied by a large regional flow system in Death Valley, California, 41
USA. The enrichments at different anodic potentials, subsequent isolation of pure cultures, and 42 small currents observed by electrochemical testing of these pure cultures under well-defined 43 conditions, suggest that isolated Delftia and Azonexus strains may gain an advantage by passing 44 electrons to external surfaces. Our results contribute to the emerging view that microbial 1 electrochemical activity is a widespread phenomenon that may impact survival and activity in 2 energy-limited conditions. 3
MATERIALS AND METHODS
4
SAMPLING SITE AND INITIAL ENRICHMENT 5
The sampling site (Nevares Deep Well 2 -NDW2) was drilled without drilling fluid in 2009, 6 penetrating the Nevares Spring Mound, a prominent travertine assemblage located at the western 7
foot of the Funeral Mountains in Death Valley, California, USA (Moser, 2011 
ELECTROCHEMICAL ENRICHMENT BIOREACTOR 31
The electrochemical enrichment bioreactor (see schematic in Figure 1 ) was constructed from a 32 polypropylene wide-mouth jar (1 L), which contained a PTFE assembly of four threaded rods, 33 each of which supported a working electrode (WE) composed of 3 × 2 cm carbon cloth (PW06, 34 Zoltek, St. Louis, MO, USA). The bioreactor was a standard half-cell that contained, in addition 35
to the four carbon cloth working electrodes, a common platinum counter electrode (VWR, PA, 36 USA) and a common Ag/AgCl reference electrode (1M KCl, CH Instruments, TX, USA). 37 During enrichment, the four working electrodes (WE1, WE2, WE3, and WE4) were poised at 38 272, 372, 472, 572 mV vs. SHE, respectively, using a four-channel potentiostat (EA164 Quadstat, 39
EDaq, USA). All electrical connections were made using insulated titanium wires. The complete 40 set-up was autoclaved with working and counter electrodes, and the ethanol-sterilized reference 41 electrode was inserted before use. The bioreactor was fed using a media reservoir. Both the 42 bioreactor and media reservoir were continuously purged with sterile, filtered N 2 gas to maintain 1 anaerobic conditions. 2
During the first phase of electrochemical enrichment, designed to match the conditions of the 3 DHS reactor, DHS effluent was used as an inoculum and the enrichment medium consisted of 4 autoclaved NDW2 well water supplemented with (L -1 ): NH 4 Cl, 0.025 g; (NH 4 ) 2 SO 4 , 0.132 g; 5 KH 2 PO 4 , 0.095 g; with DSMZ medium 141 trace metals and vitamins. The media reservoir was 6 constantly bubbled with sterile filtered N 2 to maintain anaerobic conditions, while the bioreactor 7
was bubbled with 80:20 v:v H 2 :CO 2 to maintain similar conditions as the DHS bioreactor. This 8 enrichment was performed for 30 days, and WE4 (+572 mV vs. SHE) was used as an inoculum 9
for a batch enrichment of Fe(III)-reducers in the same medium using 10 mM sodium acetate as 10 electron donor and 5 mM Fe(III)-NTA as electron acceptor. After growth (increase in cell counts 11
confirmed by DAPI staining) and reduction of Fe(III)-NTA (detected visually by color change of 12
Fe(III) to colorless Fe(II), and confirmed by ferrozine assay) (Stookey, 1970) , the batch culture 13
was further enriched in the electrochemical bioreactor. During this second electrochemical phase, 14
NDW2 medium was designed with sodium acetate (10 mM reservoir and the bioreactor were bubbled constantly with N 2 to maintain anaerobic conditions. 18
This enrichment was operated continuously for 6 months, with a media reservoir change 19 performed every 10-30 days. The dilution rate in the bioreactor amounted to one reactor volume 20 per day. Acetate concentration was monitored by high performance liquid chromatography 21
(HPLC), as described previously (Bretschger et al., 2010) . 22
BACTERIAL COMMUNITY ANALYSIS OF ENRICHMENTS 23
Working electrode sections (1 × 1 cm) and planktonic cells (500 µL) from the electrochemical 24 bioreactor were suspended with 700 µL lysozyme buffer (25 mM Tris HCl, pH 8.0, 2.5 mM 25
EDTA with 2 mg/mL lysozyme) in a microcentrifuge tube, followed by heating on a microtube 26 shaking incubator at 65°C for 10 min. The mixture was vortexed at maximum speed for 10 min 27
and incubated at 65°C with vigorous shaking for 20-30 min after adding 700 LTESC buffer 28
(100 mM Tris HCl pH 8.0, 100 mM EDTA pH 8.0, 1.5 M NaCl, 1% w/v cTAB, 1% w/v SDS, 29 adjusted final pH of TESC buffer to 10, added 100 g/mL Proteinase K just before use) for cell 30 lysis. Further, vortexing for 10 s was performed, followed by incubation on ice for 10-20 min. 31 Cellular debris was removed by centrifugation at ~18000 x g for 10 min. The supernatant was 32 mixed with 25:24:1 phenol:chloroform:isoamyl alcohol. The mixture was spun down at 14000 33 rpm for 10 min and the supernatant was transferred to a fresh microcentrifuge tube. This 34 collected supernatant was mixed with 750 μL of isopropanol (no vortexing) and incubated at 35 room temperature for 5 min. Final spin was performed at ~18000 x g for 10 min and the pellet 36 was washed with 95% ice-cold ethanol. The above step of centrifuging the pellet followed by 37 washing was repeated 2-3 times. The pellet was dried overnight until no liquid was left. The 38 extracted DNA was suspended in 100 μL of TE buffer (pH 8.0, 10 mM Tris-HCl and 1 mM 39 EDTA), and DNA concentration and purity were assessed using a nanodrop spectrophotometer. 40
The near-complete bacterial 16S rRNA gene was amplified using the extracted DNA with 41 primers 8f: 5' -AGA GTT TGA TCC TGG CTC AG -3' and 1492r: 5' -GGT TAC CTT GTT 42 ACG ACT T -3' to perform microbial community analysis (Turner et al., 1999 Chronoamperometry measurements for each isolate were performed in standard three-electrode 40 glass electrochemical cells (50 mL volume). Carbon cloth (1 × 1 cm) was used as the working 41 electrode (WE), with platinum wire as counter electrode, and a 1M KCl Ag/AgCl reference 42 electrode. Each isolate was grown to stationary phase aerobically from frozen stocks (-80°C in 43 20% glycerol) in R2A liquid media and used to inoculate 500 mL of NDW2 medium at 1% (v:v). 1 After reaching mid-exponential phase (OD 600 0.3) aerobic growth at 30 o C, the culture was 2 pelleted by centrifugation at ~6000 x g for 10 min, washed 2× and resuspended in 10 mL fresh 3 NDW2 medium without electron donor. 5 mL of this final resuspension was stored in 200 mM 4
NaOH for measuring protein content and the remaining 5 mL was introduced to the 5 electrochemical cell, which already contained 50 mL NDW2 medium (acetate as electron donor) 6 with the WE poised at +522 mV vs. SHE, after the abiotic current stabilized to a constant 7
baseline. Filter-sterilized N 2 gas was used throughout to maintain anaerobic conditions, and the 8 poised WE acted as the sole electron acceptor. Cell densities were determined by plate counts 9 (for Delftia) or DAPI staining (for Azonexus Aldrich). Samples were then subjected to an ethanol dehydration series (25%, 50%, 75%, 90%, 18 and 100% v:v ethanol, for 15 min each treatment) and critical point drying (Autosamdri 815  19 critical point drier, Tousimis Inc., Rockville, MD, USA). The samples were then mounted on 20 aluminum stubs, coated with Au (Sputter coater 108, Cressington Scientific), and imaged at 5 21 keV using a JEOL JSM 7001F low vacuum field emission SEM. Samples were also imaged 22
using fluorescence microscopy on a Nikon Eclipse Ti-E inverted microscope. Glutaraldehyde 23
fixed samples were stained with FM 4-64FX (Life Technologies) membrane stain (5 g/mL) and 24 imaged using the TRITC channel (Nikon filter set G-2E/C). 25
RESULTS AND DISCUSSION
26
SAMPLING SITE 27
The Death Valley Flow System (DVFS) consists of highly fractured mostly carbonate-rock 28 aquifers that form a regional Anodic currents began developing within 20 days of the start of the electrochemical enrichment 1 (Figure 2 ), at all working electrode conditions (WE1: 272 mV, WE2: 372 mV, WE3: 472 mV,  2 and WE4: 572 mV vs. SHE). Separate testing with sterile media under identical operating 3 conditions (abiotic control) did not result in any anodic current, indicating that the electron 4 transfer was mediated by the resident microorganisms. The observed anodic currents were 5 correlated with a modest decrease of electron donor (acetate) concentration, from 10 mM to 7.5 6 mM as measured by HPLC over a one month period, consistent with the activity of a microbial 7 community that couples the oxidation of acetate to anodic reduction. Acetate was chosen as the 8 electron donor in recognition of its important role as an intermediate in anaerobic degradation of 9 organic matter, and in light of previous observations that acetate-oxidizing microorganisms were 10 prevalent on anodes inserted into sediments (Wardman et al., 2014) . Taken collectively, the 11
overall increase in potentiostatic current, reduction in acetate concentration and presence of cells 12 on the working electrodes, point to the enrichment of a microbial community capable of electron 13 transfer to the reactor's working electrodes across a wide range of oxidizing potentials. This was 14 also consistent with SEM images of the working electrodes, which revealed the formation of 15 biofilms containing various cellular morphologies ( Figure 3 ). 16
Along with the increasing trend of anodic current over time, we observed an abrupt decrease in 17 current with every change of medium ( Figure 2 been suggested that such a decline may originate from a decreased binding of the soluble redox 23 components to cell-surface proteins that perform direct EET to external surfaces (Okamoto et al., 24 2013). While the precise mechanism(s) of cell-to-anode electron transfer in our enrichment 25 culture is more difficult to pinpoint compared to the canonical metal-reducing model systems 26 such as Shewanella, it is interesting to also note that SEM imaging (Figure 3 ) revealed the 27 presence of extracellular filaments morphologically similar to bacterial nanowires (Gorby et al., 28 2006 ). 29
The microbial community analyses, performed using 16S rRNA gene pyrosequencing, revealed 30 shifts between the initial samples, the DHS and batch enrichments used as inocula for the 31 electrochemical reactor, and the communities attached to the electrodes. The original 32 groundwater inoculum was dominated by members of the Proteobacteria (78%), with presence 33
of Nitrospirae (10%), Firmicutes (2.5%), Chloroflexi (2.3%), Spirochaetes (1.24%), and other 34 unclassified organisms (2.7%). The sequences obtained from the DHS effluent belonged 35 primarily to Alphaproteobacteria (60%) and Betaproteobacteria (16%), in addition to 36
Actinobacteria (7%) and Bacteriodetes (5%). The Fe(III)-reducing batch culture used as 37 inoculum for electrochemical reactor resulted in an increase of Betaproteobacteria, and this 38 trend continued in the electrochemical enrichment with all electrodes dominated by the 39
Comamonadaceae and Rhodocyclaceae families in the Betaproteobacteria (Figure 4) Two strains, designated WE1-13 and WE2-4, were isolated as pure colonies originating from the 25 biomass associated with the 272 mV vs. SHE (WE1) and 372 mV vs. SHE (WE2) electrodes. 26
Phylogenetic analyses of their 16S rRNA gene sequences demonstrated that these strains 27
belonged to the genera Delftia and Azonexus, respectively. Remarkably, previous studies have 28
hinted at potential EET activity from these genera, based on their minor appearance within MFC 29 anode communities fed with glucose and acetate, respectively (Ishii et al., 2012; Chen et al., 30 2014). Since the mere presence of microbes in anode biofilms is not direct evidence of EET 31 capability (Bond, 2010) , these previous reports noted the need for additional studies targeting 32 their electrochemical activity (Chen et al., 2014) . Motivated by these reports, and the potential 33 relevance of these microorganisms to subsurface environments by virtue of being enriched from 34 source waters associated with a deeply-sourced spring, we tested Delftia sp. strain WE1-13 and 35
Azonexus sp. strain WE2-4 as pure cultures in half-cell reactors. In addition to the reference and 36 counter electrodes, each anoxic reactor contained a carbon cloth electrode (same material used in 37 the electrochemical enrichment) poised at 572 mV vs. SHE, and acetate (10 mM) was used as 38 electron donor. 39
Upon inoculation of Delftia sp. WE1-13 to reactors, the anodic current immediately started rising 40 above the typical 50 nA background established from the sterile medium ( Figure 5A ), leveling 41 off at 400 nA after 11 hr. This rise in current, indicative of microbial EET current to the anode, 42
was accompanied by near doubling in total protein content (inset, Figure 5A ) from 5.931 ± 0.109 43 mg (inoculum) to 10.645 ± 0.288 mg (sum of contributions from both planktonic cells and 44 electrode-attached biomass after 12 hr). Similar chronoamperometry results were obtained from 1
Azonexus sp. WE2-4, whose inoculation resulted in a slower rise of anodic current from a 70 nA 2
sterile-medium background current to 325 nA after 60 hr ( Figure 5B ), concomitant with total 3 protein increase from 5.487 ± 0.095 mg to 9.069 ± 0.301 mg (inset, Figure 5B ). 4
While different for the two strains, the time frame of the rise in anodic current is in both cases 5 consistent with previous observations of electrochemically-active microbes (Chaudhuri and  6 Lovley, 2003; Marsili et al., 2008; Fedorovich et al., 2009 ). However, the magnitude of anodic 7 currents detected from the Delftia and Azonexus strains reported here is significantly lower than 8 those typically reported for the metal-reducing microbes usually investigated as EET model 9
systems. Shewanella oneidensis MR-1, for example, produced three orders of magnitude more 10 current in reactors operated using identical electrode types and under similar conditions while 11
using lactate as an electron donor (Xu et al., 2016) . While this may be partially attributed to 12 culturing and medium conditions that have not been systematically optimized for EET activity, 13 the low currents observed here may point to the isolated strains' lower ability to gain cellular 14 energy from external redox active surfaces. The latter notion is consistent with our observation 15 of very low cellular decay rates, but no growth, from the planktonic cell counts performed over 16 the course of chronoamperometry. Specifically, the Delftia sp. WE1-13 cell density changed 17 from 7 ± 2 x10 7 CFUs/mL to 5 ±2 x10 7 CFUs/mL, while Azonexus sp. WE2-4 showed a slight 18 decrease from 6.9±1.4 x10 8 CFUs/mL to 4.1±1.4 x10 8 CFUs/mL (between the time points 19 labeled 1 and 2 on Figure 5 ). Taken collectively, the small decrease in cell density, modest 20 increase in protein content, and low EET currents observed, suggest low energy gain that may be 21 directed for cell maintenance and decreased cellular decay, rather than growth. Considering the 22 above, we heuristically compared EET rates the isolated strains relative to the well-characterized 23
S. oneidensis MR-1 that is known to harness EET to gain energy for growth. Assuming an 24
average bacterial protein content of 0.2 g/mL (Milo and Phillips, 2015) and average cell volume 25
of Delftia and Azonexus as 0.4 m 3 (estimated from SEM images e.g. Figure 6 ) we calculated the 26 average respiration rate of Delftia as 174.7 e -/s/cell (carbon cloth protein content ~1 mg; current 27
~350 nA) and of Azonexus as 326.4 e -/s/cell (carbon cloth protein content ~0.39 mg; current 28 ~255 nA). These values are 3 orders of magnitude less than the respiration rate (6.2 x 10 5 e -29 /sec/cell) observed for S. oneidensis MR-1 (Gross and El-Naggar, 2015). 30
We further investigated the impact of medium change on EET by Delftia sp. WE1-13, in light of 31 the observation that the original enrichment's anodic current decreased abruptly in response to 32 this procedure ( Figure 2) . A separate reactor was inoculated with Delftia sp. WE1-13 after the 33 establishment of a background sterile-medium current, as described above ( Figure 6 ). Following 34
the expected rise in current (up to 500 nA), during which the total planktonic cell density 35 remained nearly constant (from 5±3 x10 7 to 6±1 x10 7 CFUs/mL), the spent medium and 36 associated planktonic cells were replaced with fresh medium. Consistent with the enrichment's 37 observations (Figure 2 ), this resulted in an abrupt decrease of anodic current down to 60 nA 38 followed by recovery to 200 nA over 6 hr ( Figure 6A ). At the conclusion of the experiment, the 39 final total protein content (both planktonic and electrode biomass) was measured to be 40 12.764±0.466 mg, compared to the inoculum's 6.128±0.115 mg. SEM and fluorescence imaging 41
( Figures 6A and 6B) confirmed cellular attachment and the formation of a Delftia biofilm on the 42 working electrode, consistent with measured protein from the electrode biomass. The drop in 43 current upon medium change is consistent with loss of putative secreted components that may 44 enhance EET by Delftia sp. WE1-13 to anodes. Alternatively, the medium change may have 45 temporarily disrupted biofilm components that directly mediate electron transfer to the electrodes. 1 These observations motivate further investigations into the identity of the charge carriers and 2 precise pathway(s) involved. In this context, it is also interesting to note that the phylogenetically 3 closely related Delftia acidovorans, an organism dominant in subsurface gold-associated mine 4
communities (Reith et al., 2010) , has been shown to produce secondary metabolites responsible 5
for extracellular gold reduction and precipitation, providing protection from toxic soluble gold 6 (Johnston et al., 2013) . To check whether D. acidovorans is also electrochemically active, we 7 obtained this strain from the German Resource Centre for Biological Material (DSMZ, DSM no. 8 39) , and tested it under identical conditions as Delftia sp. WE1-13. Our tests revealed that D. 9
acidovorans is indeed electrochemically active (data not shown) with similar anodic currents, 10 cell survival, and modest increase in protein content. Clearly, additional studies are required to 11 pinpoint both the precise mechanism of EET, and its relevance to cellular protection and energy 12 generation in subsurface environments. 13
IMPLICATIONS 14
While alternative anaerobic metabolisms (e.g. nitrate reduction) by Delftia and Azonexus species 15 were previously known, our study provides direct evidence that these organisms can also gain 16 some energy for survival and/or persistence by electron transfer to external surfaces. The 17 electrochemical enrichment and isolation of these organisms from a fractured rock aquifer raises 18
interesting questions about the relevance of EET in energy-limited subsurface environments, 19 where the diverse host rocks may provide insoluble electron acceptors (or electron donors) that 20
greatly expand the range of redox couples available for the resident microorganisms. 21 Significantly, these modes of energy acquisition from external substrates, detectable using 22 electrochemical enrichment and analytical techniques, are easily missed using traditional 23 cultivation strategies. In addition to helping identify new microbial candidates for renewable 24 energy and biocatalytic applications, ex situ and in situ electrochemical approaches expand the 25 range of cultivation conditions available for subsurface microorganisms, and may shed light on 26 potential mechanisms for cellular survival and detoxification activity in these environments. It 27 should be noted that while the focus here was on a continental subsurface site, similar relevance 28 of EET and electrochemically-active microorganisms may be of interest in the vast marine 29 subsurface or even in environments on extraterrestrial planetary bodies. 30
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